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ABSTRACT. In this paper we study standard graded artinian level algebras, in par- 
ticular those whose socle-vector has type 2. Our main results are: the characterization of 
the level /i-vectors of the form (1, r, r, 2) for r < 4; the characterization of the minimal 
free resolutions associated to each of the /i-vectors above when r = 3; a sharp upper- 
bound (under certain mild hypotheses) for the level /i-vectors (1, r, a, 2) of arbitrary 
codimension r and type 2, which depends on the next to last entry a. 



1 Introduction 

In this paper we study level algebras, focusing our attention mainly on those of type 
2. The algebras A = R/I are standard graded artinian quotients of the polynomial ring 
R = k[xi, ...,Xr], where is a field of characteristic zero. 

Before introducing our results, let us recall briefly the main definitions we need. The 
h-vector oi A is h{A) = h = {Hq, hi, he), where hi = dim^ and e is the last index 
such that dimfc A^ > 0. Since we may suppose that / does not contain non-zero forms of 
degree 1, r = hi is defined as the codimension of A. 

The socle of A is the annihilator of the maximal homogeneous ideal m = [Ti, C 
A, namely soc{A) = {a & A \ am = 0}. Since soc{A) is a homogeneous ideal, we define 
the socle-vector oi A as s{A) = s = (sq, Si, Sg), where Sj = dim^ soc(y4)j. Note that 



ho = 1, So = and Se = he > 0. The integer e is called the socle degree of A (or of h). 
The iype of the socle- vector s (or of the algebra ^4) is type(s) = J2i=o Si- 

If s = (0, 0, 0, Se = we say that the algebra A is level. In particular, ii t — 1, A 
is Gorenstein. With a slight abuse of notation, we will sometimes refer to an /i-vector as 
Gorenstein (or level) if it is the /i-vector of a Gorenstein (or level) algebra. 

Gorenstein /i-vectors of codimension r — 2 and r — 3 have been characterized by 
Stanley in [St] (see also [Ma] for r — 2), while in higher codimensions only a few results 
on the possible Gorenstein /i- vectors are known (see [IS] for r = 4 and [BI], [Bo] and 
[BL] for larger r's. See also [Ha], [MN] and [CI2]). Also, in [Di], Diesel characterized 
the minimal free resolutions (MFR's, in brief) associated to the Gorenstein /i-vectors of 
codimension 3. 

In general, level /i-vectors were first studied by Stanley (see ['S't2]). larrobino, in his 
1984 paper [Ia2], determined all the level /i- vectors of codimension 2. See [Ia2] and [FL] 
for the /i-vectors of (level) compressed algebras, i.e. algebras having the (entry by entry) 
maximal possible /i-vector, given codimension and socle-vector. (Sec also this author's 
works [Za] and [Za2].) 

Recently, level /i-vectors have received a lot of attention: see [CI], [BG], [GHS], [laS], 
[GHMS] and [7a]. 

Our paper is structured as follows: in Section 2 we prove a stronger form of a decom- 
position theorem shown by Geramita et al. in [GHMS] and, above all, we characterize 
a class of level /i-vectors of type 2 and codimension less than or equal to 4. Our result 
is the first characterization of a class of non-Gorenstein /i-vectors of codimension r > 2, 
and concerns one of the "simplest" cases: that of level /i-vectors h having type 2 and next 
to last entry equal to r, where r < 4. These /i-vectors have a very nice description: h is 
level if and only if h can be written as the sum of a Gorenstein /i-vector of codimension 
r-1 and (0,1,1,...,!). 

In Section 3 we investigate the structure of the level /i-vectors of type 2, say (1, r, a, 2), 
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by a different teclinique, especially studying the intervals where the entries of such h- 
vectors may range. Our main result is a sharp upper-bound for these /i- vectors, which (of 
course) depends on the next to last entry a (under the only restrictions a >r, and r < 5 
if a = r). 

Finally, in Section 4 we determine the possible minimal free resolutions associated to 
the class of level /i-vectors of the form h = (1, 3, 3, 2) (which we have characterized 
in Section 2). In particular, it turns out that there is a unique MFR associated to h, 
unless h — (1, 3, 3, 3, 3, 2), when there are exactly two MFR's. Our characterization of 
the possible MFR's for the /i-vectors above is the first result of this kind for a class of 
non-Gorenstein /i- vectors of codimension r > 2. 

The results obtained in this paper arc part of the author's Ph.D. dissertation, written 
at Queen's University (Kingston, Ontario, Canada), under the supervision of Professor 
A.V. Geramita. 

Recall now the main facts of the theory of Inverse Systems which we will use through- 
out the paper. For a complete introduction, we refer the reader to [Ge] and [IK]. 

Let S = k[yi, ...,yr], and consider S* as a graded i?- module where the action of Xi on S 
is partial differentiation with respect to yi. 

There is a one-to-one correspondence between artinian algebras R/I and finitely gener- 
ated i?-submodules M of S, where / = is the annihilator of M in i? and, conversely, 
M is the i?-submodule of S which is annihilated by / (cf. [Ge], Remark 1), p. 17). 

If R/I has socle- vector s, then M is minimally generated by Si elements of degree i, 
for i — 1, ...,e, and the /i- vector of R/I is given by the number of linearly independent 
derivatives in each degree obtained by differentiating the generators of M (cf . [Ge] , Re- 
mark 2), p. 17). 

In particular, level algebras of type t and socle degree e correspond to i?-submodules 
of S minimally generated by t elements of degree e. 

The next theorem is a well-known result of Macaulay, which we will often use in 
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the sequel. 



Definition- Remark 1.1. Let n and i be positive integers. The i-binomial expan- 
sion of n is 

where rii > rij-i > ... > rij > j > 1. 

Under these hypotheses, the i-binomial expansion of n is unique (e.g., see [BH], Lemma 
4.2.6). 

Furthermore, define 

Theorem 1.2 (Macaulay). Let h — {hi)i>o be a sequence of non-negative integers, 
such that ho — 1, hi — r and hi — for i > e. Then h is the h-vector of some standard 

graded artinian algebra if and only if, for every d, 1 < d < e — 1, 

ha+i < hf>. 



Proof. See [BH\, Theorem 4.2.10. (This theorem holds, with appropriate modifica- 
tions, for any standard graded algebra, not necessarily artinian.) □ 

A sequence of non-negative integers which satisfies the growth condition of Macaulay's 
theorem is called an O -sequence. 



2 A class of level /i-vectors of type 2 

The following is a decomposition theorem due to Geramita et al. We present it in a 
form which is the most useful to our purposes. 
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Theorem 2.1 {[GHMS]). Let Fi,...,Ft & S be any linearly independent forms of 
degree e, and let M — (Fi, ...,Ft) and N — {Fi, ...,Ft-i) be two submodules of S. Then 
the reverse of the difference between the h-vectors of A — R/M"^ and R/N~^ is an O- 
sequence, which is the h-vector of a quotient of A. 

Proof. See [GHMS], Lemma 2.8 and Theorem 2.10. □ 

As an immediate consequence we have: 

Corollary 2.2 {[GHMS]). Let h he the h-vector of a level algebra A of type 2 and socle 
degree e. Then, for every Gorenstein quotient B of A having socle degree e, the reverse of 
h can be written as the sum of two O -sequences (which are h-vectors of quotients of A), 
the longer of these O -sequences being (the reverse of) the h-vector of B. 

Proof. See [GHMS], Corollary 2.11. □ 

The following is a stronger version of [GHMSYs, decomposition result: 

Theorem 2.3. Let h be the h-vector of a level algebra A of type 2, and let M be 

the Inverse System module associated to A. Then, for every choice of two forms F and 
G generating M, h can he written as 

h — h -\- h -\- h , 

where h" is an O -sequence, the reverses of h' and h'" are O -sequences, and h' + h " and 
h" -\-h"' are the Gorenstein h-vectors given by (F) and (G). The three O -sequences above 
are h-vectors of quotients of A. 

Proof. Let M = {F, G) C S he an Inverse System module giving the /i-vector h 
(i.e. h is the /i-vector of A = R/M'^). Notice that A = R/{{F)-^ n (G)"^). By standard 
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facts about Inverse Systems, N = (F) fl (G) is the finitely generated submodule of S 
corresponding to the algebra R/{{F)~^ + {G)~^) (which is clearly a quotient of ^4), say 
with /i- vector h" . By the exclusion-inclusion principle it is easy to see that, for each d < e, 

dimfe((F)d/iVd) + d:mik{{G)d/Nd) + dim^ = dim^ M^. 

Furthermore, {F)d/Nd = Md/{G)d as /c-vector spaces, and, similarly, (G)d/Nd = 
Md/{F)d. By Theorem 2.1, the reverse of the sequence h' of the dimensions of the 
Md/{G)d is an 0-sequence (and is also the /i-vector of a quotient of A), and the same is 
true for the reverse of h"\ the sequence of the dimensions of the Md/{F)d- Clearly, by 
definition, h' + h" is the Gorenstein /i- vector given by (F), and h" + h'" is the Gorenstein 
/i- vector given by (G) . This concludes the proof of the theorem. □ 

Remark 2.4. i). Wc have stated Theorem 2.3 in the most interesting case, that 
is for he = 2, but the proof above can be extended naturally to any hg-. in fact it can 
be shown in a similar fashion that the /i- vector of a level algebra A — R/M~^ of type 
(for any choice of forms Fi, F^^ generating M) can be written as the sum of 2^" — 1 
suitable vectors, such that 2'^'= — 1 — he of them are O-sequences and the reverses of the 
remaining he are also 0-sequences. 

ii). There are cases in which Theorem 2.3 applies but Corollary 2.2 does not. Consider, 
for instance, h — (1, 3, 6, 10, 9, 7, 5, 2). We want to show that h is not a level /i- vector. 
(Notice that the reverse of h can be written as (1, 3, 4, 5, 5, 4, 3, 1) + (0, 0, 2, 5, 4, 3, 2, 1), 
which are both O-sequences, and therefore Corollary 2.2 does not suffice to rule out h.) 

Suppose that A = R/M~^ is a level algebra having /i-vector h. Consider any form 
H E M oi degree 7 having three first derivatives, and let h^ be the /i-vector given by 
(H). It is easy to check (see Stanley's Proposition 2.7 below) that, in order to let the 
reverse olh — h^ be an O-sequence, the only possibility for h^ is h^ — (1, 3, 4, 5, 5, 4, 3, 1). 
Moreover, since the entry of degree 3 of /i is equal to 10, there cannot be a form of degree 
7 in M having only 2 first derivatives. In fact, the /i- vector given by such a form should 
be clearly bounded from above by (1, 2, 3, 4, 4, 3, 2, 1), but 5 + 4 < 10. Thus, every form 
of degree 7 in M must give the /i- vector (1, 3, 4, 5, 5, 4, 3, 1). Therefore, it easily follows by 
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Theorem 2.3 that, for any choice of two forms F and G generating M, h must decompose 
as 

h = h' + h" + h'" = (0, 0, 2, 5, 4, 3, 2, 1) + (1, 3, 2, 0, 1, 1, 1, 0) + (0, 0, 2, 5, 4, 3, 2, 1), 
but this is a contradiction, since h" is not an O-sequence. Hence h is not a level /i-vector. 

The following result of larrobino is a fundamental tool we will use in this paper. In 
particular, given a level algebra A of type 2, Theorem 2.5 guarantees the existence of a 
Gorenstein quotient of A of the same socle degree having at least a certain codimension. 

Theorem 2.5 (larrobino). Let h — {l,hi, ...,he-i,he — 2) be the h-vector of a level 
algebra A of type 2, and fix an integer u such that \ < u < e. Suppose that, for some 

integer 5u > 0, /^e-u > — 2 — 35^. Then there exists a Gorenstein quotient B of A of 
socle degree e, having h-vector h' — {1, h'l, h'^ = 1) and such that h[^ > hu — 5u- 

Proof. See [la], Theorem 2.4 (where a stronger conclusion is stated). □ 

Remark 2.6. i). (Unfortunately) larrobino's lower-bound is a very good one! Let 
us consider a level /i-vector of the form (1, r, r, 2), and let m = 1. The least integer 
5i satisfying the inequality r > 2r — 2 — 3Si is clearly Si — , where, as usual, \a] 
indicates the least integer greater than or equal to a. 

For every r > 2, we will exhibit a level algebra A of socle degree e, having an /i- vector 
h = (1, hi, he) of the form (l,r, ...,r, 2) and such that every Gorenstein quotient of A 
of socle degree e has codimension h[ < r — f ^] • As a consequence we have that, in this 
case, larrobino's lower-bound is sharp. 

Let r be a multiple of 3, say r — 3p for some positive integer p. Gonsider the In- 
verse System module M = {F,G), where F = yp+iyl~^ + yp+2Z/|~^ + ... + y2pyp''^ and 
G = y2p+iyl~^ +y2p+2y2~^ + ■■■ + y?,py'p~^- It is easy to see that the algebra A associated to 
M satisfies our requirements: in fact, the /i- vector of A is clearly of the form (1, r, r, 2) 
(indeed, it is equal to (1, r, r, r, r, 2)), and every Gorenstein quotient of A of socle de- 
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gree e has codimension h[ = 2p = r — f ^] • This last fact is true since the Gorenstein 
quotients of A of socle degree e correspond to the Inverse System modules generated by 
HF + XG^ {nVp+i + \y2p+i)yr^ + ■■■ + (/^y2p + >^y3p)yp''^, where [// : A] ranges in P^{k), 
and, by changing variables, it is immediate to see that all of these forms have exactly 2p 
first derivatives. 

The cases r = 3p + 1 and r = 3p + 2 can be treated similarly. If r = 3p + 1, 
consider M = (F, G), where F = Vp+iyf^ + yp+2y2~^ + ■■■ + y2pyp~^ + yip+i and G = 
y2p+iyi~^ + y2p+2y2~^ + ■■■ + y?.pyl~^- Then the /i-vector oi A ^ R/M^^ has the form 
(1, r, r, 2) (again, it is equal to (1, r, r, r, r, 2)), and every Gorenstein quotient of A 
of socle degree e has codimension K-^^ — 2p-\-l—r— , except for R/ {G}^^, that has 
codimension 2p. 

If r = 3p+2, consider M = (F, G), where F = yp+iyi"^+yp+2Z/r^ + --- + y2p?/p"^ + l/|p+i 
and G = y2p+iyr^+y2p+2yr^ + -+y3pyp~^+y3p+2- Then the /i-vector oi A ^ R/M''^ has 
the form (1, r, r, 2) (as in the previous two cases, it is equal to (1, r, r, r, r, 2)), and 
every Gorenstein quotient of A of socle degree e has codimension /i'^ = 2p + 2 = r — , 
except for i?/ {F)~^ and /?/ {G)~^, that have both codimension 2p + 1. 

ii) . Actually, the examples above show that larrobino's lower-bound is sharp for every 
u — 1, ...,e. The proof for the other values of u is similar to that we have given for u — 1. 
We just notice that, in the example above, when r is a multiple of 3 there is exactly one 
possible /i-vector for the Gorenstein quotients of A of socle degree e, and this, for every 
M, 2<w<e — l,is equal, in the u-th place, to r — , where is the least integer 
5u satisfying larrobino's inequality he-u > 2/i„ — 2 — 35„ (i.e. r > 2r — 2 — 35„). 

In each of the other two cases (i.e. when r = 3p + 1 and r = 3p + 2), there are exactly 
two possible /i-vectors for the Gorenstein quotients of A of socle degree e (one less than 
the other in every place), and the larger of these, for every u, 2 < u < e — 1, is equal, in 
the u-th place, to r— f^l, where is again the least integer 5„ satisfying larrobino's 

inequality. 

iii) . A remarkable fact in cases like those we described above is that there is a con- 
siderable difference between the codimension r of the type two level algebra and the 
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codimension h'^ of any of its Gorenstein quotients having the same socle degree, since 



Recall that a vector v — {l,Vi,V2, ■■■,Vd) is said to be differentiable if its first difference, 
At; = {{Av)o = 1, {Av)i ^vi-1, {Av)2 ^ V2 - vi, {Av)d ^Vd- Vd-i), 
is an O-sequence. 

An /i-vector h = (1, hi, he) is an Sl-sequence if it is symmetric with respect to | and 
if its first half, (1, hi, h^e^), is differentiable (as usual, [aj denotes the greatest integer 
less than or equal to a). 

Proposition 2.7 (Stanley). Let h — {l,hi, ...,he), hi < 3. Then h is a Goren- 
stein h-vector if and only if h is an Sl-sequence. 

Proof. See [St], Theorem 4.2. For hi — 2 this result was already known to Macaulay 
(cf. [Ma]), n 

The following result determines the Gorenstein /i-vectors of codimension 4 having the 

second entry h2 < 7. (For 8 < /i2 < 10 the problem of characterizing these /i-vectors 
remains a very interesting open one.) 

Proposition 2.8 (larrobino-Srinivasan). Let h — {l,hi,h2, ...,he), with hi — A and 
/i2 < 7. Then h is a Gorenstein h-vector if and only if h is an Sl-sequence. 

Proof. See [IS], Theorem 3.2, Corollary 3.3 and Proposition 3.4. □ 

Theorem 2.9. Let r < 4. Then h — (1, r, r, 2) is a level h-vector if and only 
if h can be written as 

^ = + (0,1, !,...,!), 

where h^'^~^^ is a Gorenstein h-vector of codimension r — 1. 
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Proof. "<^": Let e be the socle degree of h and let F — F(yi, y^-i) & S — 
k[yi, yr] be a form of degree e which generates the Inverse System module giving h^'^~^\ 
Then h is clearly the /i- vector given by the module (F, y^) . 

: The case h = (1, r, r, 2) is trivial. Thus, suppose for the rest of the proof that 
the socle degree e of /i is at least 4. Let A be a level algebra having /i-vector h. Since 
r < 4:, hy Theorem 2.5 it is easy to see (since for m = 1 we can choose Su — that there 
exists a Gorenstein quotient of A having socle degree e and codimension at least r — 1 
(for r = 2 we can always obtain codimension r) . 

Let 3 < r < 4, and suppose that there are no Gorenstein quotients of A having socle 
degree e and codimension r. Hence there exists a Gorenstein quotient B of socle degree e 
and codimension r — 1. By Corollary 2.2, the reverse of the difference between the /i-vector 
of A and that of B is an 0-sequence. Since this 0-sequence must begin with (1, 1, ...) and 
end with (..., 1, 0), by Macaulay's Theorem 1.2, it has to have the form (1, 1, 1, 1, 0), 
and the theorem follows. 

Suppose then that there exists a Gorenstein quotient of A having socle degree e and 
codimension r, 2 < r < 4. Let h = (1, r, 6, r, 2) be the /i-vector given by the Inverse 
System module M associated to A. Hence there is a form F e M of degree e having r 
linearly independent first derivatives. Glearly, by GoroUary 2.2, h is equal to the Goren- 
stein /i- vector of (F) plus (0, 0, 0, 1). 

Now, let us assume for the moment that b < (2) + 1 (^^is fact will be shown in Theorem 
3.5, i)). 

If r = 2, then we are done: in fact, by Macaulay's Theorem 1.2, we cannot have 
6 < 2, so 6 = 2, whence it clearly follows that h = (1, 2, 2, 2, 2, 2) = (1, 1, 1, 1, 1, 1) + 
(0,1,1, ...,1,1,1). 

Let r = 3; thus 6 < 4. Hence, the /i- vector of the Gorenstein quotient of A correspond- 
ing to (F), by Proposition 2.7, is equal to h' = (1, 3, 3, 3, 3, 1) or h" = (1, 3, 4, 4, 3, 1), 
where the first difference of the first half of h" has the form (1, 2, 1, 1, 1, 0, 0). This 
clearly implies that the /i-vector given by (F) is the sum of a Gorenstein /i-vector of 
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codimension 2 and (0, 1, 1, 1, 0), and the result easily follows. 

Let r — A. We have 6 < 7. As in the case r = 3, it will be enough to show that a Goren- 
stein /i-vector of the form h' — (1,4,6, ...,4, 1), with 6 < 7, is the sum of a Gorenstein 
/i-vector of codimension 3 and (0, 1, 1, 1, 0). By Proposition 2.8, the first difference of 
the first half of h\ that is A' = (1, 3, 6 — 4, ...), is an 0-sequence. But A', from degree 2 
on, is clearly equal to the first difference of the first half of h' — (0, 1, 1, 1, 0), that is to 
a" = (1, 2, 6 — 4, ...). Since 6 — 4 < 3, it follows from Macaulay's theorem that A" is also 
an O-sequence. Hence, by Proposition 2.7, h' — (0, 1, 1, 1, 0) is a Gorenstein /i-vector 
of codimension 3. This concludes the proof of the theorem. □ 

Remark 2.10. i). Notice that the proof above cannot be extended to r > 5, since 
we do not have enough information about the Gorenstein /i-vcctors of codimension larger 
than 3. Therefore the characterization of level /i- vectors of the form (1, r, r, 2) for r > 5 
remains an open problem. 

ii). Theorem 2.9 shows, in particular, that, for r < 4, level /i- vectors of the form 
(1, r, r, 2) are unimodal with their first half being differentiable, providing a positive 
answer, for these /i- vectors, to a question of Geramita et al. {[GHMS], Question 4.4). 



3 Upper-bounds for the entries of a level /i-vector of type 2 

In this section we investigate the intervals in which the entries of a level /i-vector of 
type 2 may range. The main result is (under certain conditions) an (entry by entry) sharp 
upper-bound for the level /i- vectors of type 2, given the next to last entry. 

Lemma 3.1 (larrobino). Let F — YJtL\ be a form of degree d in S — k[yi, ...,yr\, 
where the Lt = Ylk=i hkUk 0,1^^ linear forms, and let 1^ — Ann{F) C R, with b — 
{bii, ...,bmr)- Then there exists a non-empty open subseteq U of k"^^ such that, for every 
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b e [/, the Gorenstein artinian algebras R/Ih all have the same h-vector, denoted by: 



Proof. See [Ia2], Proposition 4.7. □ 

Lemma 3.2 (larrobino). Let h — {l,hi, ...,hd) be the h-vector of a level algebra 
A — R/I, where I annihilates the R-submodule M of S. Let m < j'^^'') ^ ha- 
Then, if F is the sum of the d-th powers of m generic linear forms (the Gorenstein 
h-vector of R/{F)^^ is h{m,d), given by Lemma 3.1), then the level algebra associated to 
M' — (M, F) has h-vector H — (1, Hi, Hd), where, for i — 1, d, 



Proof. See [/a2], Theorem 4.8 A, where this result appears under more general hy- 
potheses. □ 

Let us consider the next to last entry a of a level /i-vector h of type 2 and codi- 
mension r. Using larrobino's Theorem 2.5, we are able to supply a sharp lower-bound 
(a = r) for r < 7. In a certain sense, this result cannot be improved: in fact, Brian 
Coolen, a doctoral student of Professor A.V. Geramita (personal communication), has 
produced some examples that show that, for r > 7, a = r is no longer a lower-bound. It 
would be interesting to determine a sharp lower-bound for a for any codimension r. 

Theorem 3.3. Let h = (1, r, a, 2) be a level h-vector of type 2. Then: 
i). a < 2r, and a may assume any integral value in the range [r, 2r]. 
a). If r <7, then a>r. 



h{m,d) = {l,hi{m,d), ...,hd{m,d) = 1) 



where, for j — 1, d, 



hj{m, d) 



min{m, dim^ Rj, dim^ Rd-j}- 
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Proof, i). Let M = {F,G) be the Inverse System module associated to a level 
algebra A having /i-vector h, where deg(-F) = deg(G) = e. Obviously, a < 2r, since F 
and G can have at most r first derivatives each. 

In order to obtain any integral value of a in [r, 2r], write a = di+d2, with 1 < di,d2 < r. 
By Lemmata 3.2 and 3.1, it clearly suffices to choose G as the sum of powers of di generic 
linear forms and F as the sum of powers of d2 generic linear forms. 

ii). We will make use of larrobino's Theorem 2.5 with u = 1. Here hi = r and 
he-i = a. Suppose a < r. Let us first show that the codimension h'^ of any Gorenstein 
quotient 5 of A of socle degree e must satisfy the inequality h[ < a — 1. In fact, h'^ > a is 
obviously impossible. Furthermore, if h'^ < a, then the reverse of the difference between 
(1, r, a, 2) and (1, h'^, h'^, 1) has the form (1, a — /i'-^, r — h'l, 0), which must be an 
0-sequence by Corollary 2.2. But it is immediate to see that, for a < r, this is impossible 
if h[ G {a — 1, a}. Hence h[ < a — 1, a.s we desired. 

By Theorem 2.5, if a > 2r — 2 — 35 for some integer 6 > 0, then, for some Gorenstein 
quotient B oi A having codimension h'^, we have h'^ > r — 6. Hence, in order to show that 
some value of a satisfies the inequality h'^ > a — 1, it suffices to show that r — 5 > a — 1 
or, by Theorem 2.5, that 

^2r — 2 — a., , , 

r-\ ]-a + l>0. (1) 

It is easy to check that, if a satisfies (^, then also a — 1 does. Therefore, in order to 
show that a cannot be less than r, it is enough to show that (0) holds for a = r — 1. But, 
for a = r — 1, ([Q) becomes 

r-r ^""^ 3^'~^^ l-(r-l) + l>0, 

i.e. l^'Y'l ^ 2, which is true if (and only if) r < 7. Hence, for r < 7, we have a > r, as 
we wanted to show. □ 

The following lemma is a combinatorial result that we will need in the next two the- 
orems in order to determine an upper-bound for the entries of our level /i-vectors of type 2. 
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Lemma 3.4. Let r, i and a be integers such that i > 1 and 2 < r < a < 2r. 
Then: 

/ri - 1 + A /r2 - 1 + A , 
maxjl ^ / i i j \ ^ ^ ^i^^2 < r, ri + r2 = a} 

(r-2+i 



+ 1, if a = r 

Proof. Notice that + ('^^~/^*)) for ri and r2 as in the hypotheses, takes on 

the value of the statement when the absolute value of ri — r2 is as large as possible. So, 
it remains to show that the maximal value of the sum above occurs when the absolute 
value of ri — r2 is as large as possible. 

Now, since ri — r2 = (ri — 1 + i) — (r2 — 1 + i) and ri + r2 is always fixed to equal a, 
it suffices to show that, for ri > r2 > 2, 

/ri - 1 + z\ /r2 - 1 + A fri + i\ ^ /r2 - 2 + A 



i.e. that 



By the standard Pascal triangle inequality, becomes 

/r2-2 + A /ri-l + A 

I .-1 )-\ ^-l y 

which is true if and only ifr2 — 2 + i < ri — 1 + and this is the case since we are assuming 
^2 ^^i- This proves the lemma. □ 

The next theorem gives information on the third-last entry 6 of a level /i-vector 
h = (l,r, ...,b,a,2) of type 2 and codimension r, in particular supplying a sharp upper- 
bound for b. 

Theorem 3.5. Let h = (1, r, b, a, 2) be a level h-vector of socle degree e. Then: 
i). If a = r, then b < + 1. Moreover, (...,6, r, 2) is the final part of a level h-vector 
of codimension r for any integer b G [r, Q + 1] ■ 
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n). Ifr<a< 2r, then b < mm{(''+^) + ["'l'^^), {''^/J^^)}- Moreover, (...,6,a,2) is 
the final part of a level h-vector of codimension r for any integer b G [a, min{(^^^"'^^ + 

CTO'te')}]- 

Proof, i). Let /^^ = M = {F,G) be the Inverse System module associated to a 
level algebra A = R/I having /i-vector h, where deg(F) = deg(G') = e. Suppose that 
there exists a form H of degree em. M having < r linearly independent first derivatives. 
Then the /i-vector given by {H) starts with (1, rn, bu, ■■■), with bu < ('"'^2^^) by Macaulay's 
Theorem 1.2. By Corollary 2.2, (2, r, 6, ...) — (1, ru, bjj, ■■■) = (1, t — Th, b — bff, ...) is an 
0-sequence, and therefore b-bn < ("^7^^)- Thus, b < ("«2+^) + ('^"7+^). Hence, by 
Lemma 3.4 for i = 2 and a = r, we have b < + 1, as we wanted to show. 

Therefore, from now on, let us suppose that all the forms of degree e in M have r 
linearly independent first derivatives. Since a = r, the first derivatives of G are generated 
by those of F, and therefore, for i = 1, r, we can write 

Gy^ Cl^iFy-^ -|- ... -|- Cj-iFy^^ Cji G fc, (S) 

where, for convenience, we write Fy. for the partial derivative of the form F with respect 
to yi. 

Notice that the matrix G = {cij)ij=i^,„^r is invertible, since there is no dependence 
relation among the first derivatives of G, i.e. det G ^ 0. 

Suppose, for the moment, that G is not diagonal. Then, without loss of generality, 
assume that the first row is different from (ci,i,0, ...,0), i.e. Ci^t 7^ for some 2 < t < r. 
Since Gj/i.y, = Gy.^y-^, we have, for each i, 2 < i < r, 

Cl,l-Pyi,J/i ~^ '^1, 2-^1/2, J/i ~^ ■■■ ~^ '^i,r-^yr,yi ~ (^ijlFy^^y^ — ^^2-^1/2 ,1/1 ~ ■•• ~ C-i,rFy^^y^ — 0. (4) 

It is easy to see that these r — 1 equations (0)) are independent (as linear relations 
among the second derivatives of F), since, for any 2 < j < r, the term Fy^^y., whose 
coefficient is Ci^t 7^ 0, is only in one of the equations Q, namely the one for which i = j. 

Thus, b < (^l^^^ ~ ('^ ~ 1) = (2) + desired. 

Now suppose G =diag{ci, Cr}. We have Gy. = CiFy,- Hence the equality Gy-^y. = 
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Gy^^y^ implies, for 1 < i,J < r, that (q — Cj)Fy^^y^ = 0. If ci 7^ q for every i > 2 then 
-^2/1 2/ = for i > 2, whence we have again the desired upper-bound b < (^^^^ ~ ~ 1) — 

Hence suppose Ci — C2- If r > 2, let Ci = C2 be different from Cj for every i > 3; 
thus we have 2(r — 2) second derivatives of F equal to 0. Since 2(r — 2)>r — 1, again 
we obtain the desired upper-bound for b. By induction, suppose that, for some i < r, 
C\ — Ci — ■■■ — Ci — c, and that c ^ Cj for every j, i + 1 < j < r. Hence i{r — i) second 
derivatives of F are equal to and, since i{r — i) > r — 1 for i < r, the upper-bound for 
b is again satisfied. 

Therefore let Ci = ... = = c. Hence Gy^ = cFy. for i = l,...,r, i.e. all the first 
derivatives of G — cF are equal to 0. Thus the form G — cF is constant, and therefore 
is equal to 0, but this is a contradiction, since F and G were supposed to be linearly 
independent. 

This completes the proof that, for a = r, 6 < Q -|- 1. 

In order to show that (..., 6, r, 2) is the final part of a level /i- vector of codimension r for 
every b G [r, + 1], it is enough to consider the Inverse System module M' = {F',G'), 
where we choose F' only in variables yi, Ur-i to be the sum of the e-th powers of 6 — 1 
generic linear forms and G' — y^. Then, by Lemma 3.1, M' gives the desired /i- vector. 

n). Let h — (1, r, 6, a, 2) be as in the statement, and let A — R/I be a level al- 
gebra having /i- vector h, with — M — {F,G). The /i- vector given by (F) ends 
with {...,bF,rp,l), where bp < {''^2^)- By Corollary 2.2, (2, a, 6,...) - (1, r^, 6^, ...) = 
(l,a — rp,b — bp,...) is an 0-sequence, and therefore b — bp < (^"'^^2^^\ Thus b < 
{'^2^) + {""'i^^)- Hence, by Lemma 3.4 for i = 2, we have b < + (''"2+')- Of 

course b < (^^1^^^ , since this is the dimension of Re-2 as a A;- vector space. This proves 
the upper-bound for b. 

In order to show that (...,6, a, 2) is the final part of a level /i- vector of codimension 
r for every b G [a, min{(^'^"^"'^^ + (" 2^^), ('^-2^))]' consider the Inverse System module 
M' = {F\G'), where we choose G' only in variables yi,...,ya-r and F' in all of the r 
variables, both of the same degree e. Let us make use of Lemmata 3.2 and 3.1. For 
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b = a choose G' to be the sum of the e-th powers of a — r generic hnear forms and F' the 
sum of the e-th powers of r generic hnear forms. For 6 = a + 1 do the same with r + 1 
hnear forms (instead of r) for F' and the same number, a — r, for G' . We continue this 
procedure up to 6 = min{(^'^2^j + (a — r), (^^^^2^)} (clearly, as soon as the minimum is 
('^1-2'^) whole process finishes). Instead, from h = ('^2^) + (a — r + 1) up to (''^fg^), 
we now increase the number of generic linear forms for G' by 1 at the time, letting F' 
remain always the sum of (^^2^) e-th powers. In this way, by Lemmata 3.2 and 3.1, for 
the third-last entry b of the /i- vector (..., 6, a, 2) given by M' we clearly obtain every value 
between a and min{ [tj + (" 2^^) ' ('^-2^) }' proof of the theorem is complete. □ 



Remark 3.6. The upper-bound we have shown for b when a = r was already known 
to Soderberg ([5'o]), who obtained the same result using a different approach. 

Example 3.7. Theorem 3.5 does not give information for 6 < a, even if there exist such 
cases. For instance, consider the Gorenstein /i-vector h — (1, 52, 51, 52, 51, 52, 1) (its exis- 
tence is shown in [Bo], Example 2.11). If we add the 6-th power of a generic linear form to 
an Inverse System module giving this /i-vector, by Lemma 3.2 we obtain the level /i-vector 
(1,52,52,53,52,53,2). Theorem 3.5, instead, guarantees the existence of level /i- vectors 
of the form (1, 52, b, 53, 2) for every integer b e [53, min{(^^+^) + 1, (^|)}] = [53, 1378], 
where 1378 is also an upper-bound. 

The next result is generalization of Theorem 3.5: given the last two entries (a, 2), 
r < a < 2r, of a level /i- vector h of type 2 and codimension r, we provide a sharp upper- 
bound for all of h (we need to assume that r < 5 if a = r). 

Theorem 3.8. Let h = {l,r, ...,he-i, ■■■,a,2) be a level h-vector of socle degree e, 

where we fix the index i, 2 < i < e — 2. Then: 

i). Let 2 < r < 5. If a = r, then 

rfr-2 + i\ fr-2 + e-i\ 
he-i ^hi< mm{ ( . J + 1, ( 1+1}- 
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Moreover, there exists a level h-vector of the form (1, r, he-i, ■■■,r, 2) for any integer 
/le-i e [r,min{(^-f ^) + 1, + 1}]. 

ii). Let r > 2. If r < a <2r, then 

a — r — /r — 1 + e — 

i J'i e-i y- 

Moreover, there exists a level h-vector of the form (1, r, he-i, 2) /or an?/ integer 

m^. For any a e [r, 2r] (always assuming r<bifa = r), the upper-hounds for 
the he-i 's given above can all be assumed simultaneously. In other words, the h-vector 
H — (1, r, /i2, he-2-i a, 2) given by the maximum value of the he-i 's for each i — 2, e— 2 
is the (entry by entry) maximum for all the level h-vectors of the form (1, r, a, 2). 

Proof, i). Let a = r. By Inverse Systems, let us suppose that h be given by an 
i?-submodule M — {F, G) of 5", where deg F — deg G — e, and that A is the algebra 
associated to M. By larrobino's Theorem 2.5, since r < 5, it is easy to see that there 
exists a Gorenstein quotient B oi A having codimension at least r — 1. Hence, by Corol- 
lary 2.2, the reverse of h can be written as the sum of the Gorenstein ^-vector of B and 
(1, 1, 1,0) (if B has codimension r — 1) or (1,0,0, ...,0) (if B has codimension r). In 
either case, clearly, hi — he-i for i = 1, e — 1. 

Suppose that there exists no Gorenstein quotient of A of codimension r. Hence there 
exists a form F e M of degree e giving a Gorenstein /i- vector of codimension r — 1. 
Therefore, the /i- vector of (F) starts with (l,r — 1,...), and thus its entry of degree i, 
1 < i < e — 1, by Macaulay's Theorem 1.2 is at most (^f^^^- By Corollary 2.2 and the 
fact that hi = he-i, the upper-bound for he-i easily follows. 

Suppose now that there exists a form F e M of degree e having r linearly independent 
first derivatives. Since, by Theorem 3.5, i), the Gorenstein /i- vector given by F starts 
with (1, r, b, ...), where & < (2) + Macaulay's theorem we easily have that 

hi < (...((((;) + ir>r>)...)<'-'^ = t ^ r ') + 

The desired upper-bound for he-i immediately follows from the equality he-i — hi. 
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/ r 

he-i < niin{ 




In order to show that there exists a level /i-vector of the form [l,r, he-i, ■■■,r,2) 
for any integer he-i G [r,m.m{(^~^'^^^ + 1, ('^"g^^"*) + 1}], we reason as in Theorem 3.5, 
i): consider the module M' — {F\G'), where we choose G' — and F' in variables 
Hi, Ur-i, the sum of powers of /ig-i ~ 1 generic linear forms. Using Inverse Systems and 
Lemma 3.1, the result easily follows. 

ii) . Let a > r. Let F & M have rp first derivatives. The Gorenstcin /i- vector of (F), 
(l,rF, ...,rF, 1), of course has /if_j < (^""'l^')- By Corollary 2.2, {2,a, ...,he-i, ...)- 
(l,rF, ...) is an O-sequence. Therefore he-i — h^-i < (" '^V^^O' desired 
upper-bound for he-i easily follows by Lemma 3.4. 

In order to show that there exists a level /i-vector of the form (1, r, hg-i, a, 2) for 
any choice of the integer h^^i in [a, min{(^''~]^^*^ + '7^^*)' (''""e-^"*) }]> consider 
the Inverse System module M' = {F' , G ), where we choose G' only in variables yi, ...,ya-r 
and F' in all of the r variables, both having degree e. The result follows by Lemmata 
3.2 and 3.1 and the same kind of argument we used in proving Theorem 3.5, ii). This 
completes the proof of ii) . 

iii) . If a = r (now r < 5), choose F' only in variables yi, .... y-r-i as the sum of the e-th 
powers of a generic linear forms, where a > ('^"^tj^^), and G' = y^. By Lemma 3.1, it is 
easy to check that the Inverse System module M' — {F\ G') gives the /i-vector H where 
each entry is exactly the upper-bound of i). 

If a > r (for any r > 2), choose G' only in variables yi, ya-r ^ the sum of powers of 
(3 generic linear forms, where (3 > (" '^j^e^^^^) , and F' in all of the r variables as the sum 
of powers of 7 generic linear forms, where 7 > Lemmata 3.2 and 3.1, we 

can easily see that the Inverse System module M' = {F\G') gives the desired /i-vector 
H. 

This concludes the proof of the theorem. □ 

Definition-Remark 3.9. Consider the set of all the algebras with given codimension 
r and socle- vector s whose /i-vector has an additional fixed entry, say hi, with 1 < i < e. 
We define the algebras from this set having the (entry by entry) maximal /i-vector, if this 
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exists, as quasi- compressed (with respect to the data (r, s, hi)). 

Therefore, Theorem 3.8 studies quasi-compressed algebras for level socle-vectors of 
type 2, codimension r, and for which the next to last entry he-i — a oi the /i- vector is 
fixed. 

It would be interesting to continue and develop the study of quasi-compressed algebras 
that we have just begun, especially determining under which conditions they cannot exist. 

Example 3.10. In this example, we exhibit the maximum for the /i- vectors h — 
(1, 5, /i2, ^3, ^4, ^5, 5, 2) of level algebras having codimension r — 5, type 2, socle de- 
gree e = 8, and the next to last entry a of the /i- vector equal to 5. 

By Theorem 3.8, the maximum for these /i- vectors is 

= (1,5,11,21,36,21,11,5,2). 

In order to construct a quasi- compressed level algebra with /i- vector H, choose F,G & 
S — k[yi, ...,1/5] such that G involves only yi, ^4 and is the sum of the 8-th powers of 
(at least) 35 generic hnear forms, and F — yf. Then, by Lemma 3.1, the i?-submodule 
M — {F, G) of S gives the /i-vector H above. 

Example 3.11. We now exhibit the maximum for the /i-vectors h = (1, 3, /i2, h^, /i4, /15, a, 
of level algebras having codimension r — 3, type 2, socle degree e — 7, and for which the 
next to last entry of the /i- vector is a (notice that, by Theorem 3.3, we have 3 < a < 6). 

Let a — 3. By Theorem 3.8, the maximum for the level /i- vectors above is 

(1,3,4,5,5,4,3,2). 

To construct a quasi-compressed level algebra with /i-vector H, choose F,G e S = 
k[yi, 112,113] such that G is only in variables yi,y2 and is the sum of the 7-th powers of 
(at least) 4 generic linear forms, and F — y\. (See also Theorem 2.9, where the level 
/i-vectors of the form (1, 3, 3, 2) are characterized.) 

Let a — A. By Theorem 3.8, the maximum for the level /i- vectors above is 

(1,3,6,10,11,7,4,2). 
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To construct a quasi-compressed level algebra with /i- vector H, choose F,G G S such 
that G — y[ and F is in all of the three variables and is the sum of powers of (at least) 
10 generic linear forms. 

Let a — h. By Theorem 3.8, the maximum for the level /i-vectors above is 

(1,3,6,10, 14,9,5,2). 

To construct a quasi-compressed level algebra with /i-vector /J, choose F,G E S such 
that G is only in variables yi,y2 and is the sum of powers of (at least) 4 generic linear 
forms, and F is in all of the three variables and is the sum of powers of (at least) 10 
generic linear forms. 

Let a = 6. By Theorem 3.8, the maximum for the level /i- vectors above is 

(1,3,6,10,15,12,6,2). 

To construct a quasi-compressed level algebra with /i- vector choose F,G & S such 
that both F and G are in all of the three variables and are the sum of powers of (at least) 
8 generic linear forms each. In this case, since a = 6 is the maximum possible value for 
the next to last entry a of our level /i-vectors, the level algebras having /i-vector H are 
actually compressed (see [Ia2], [FL], [Za] and [Za2]). 



4 The MFR's associated to a class of level /i-vectors of codimen- 
sion 3 

In Theorem 2.9 we have characterized the level /i-vectors of the form h — (1,3,...,3,2): 
h is level if and only if h can be written as the sum of a Gorenstein /i- vector of codimension 
2 and (0, 1, 1, 1). In this section we characterize the possible minimal free resolutions 
associated to each of the /i-vectors above. 

In order to do this, let us recall some basic facts. As above, let R = k[xi, ...,Xr] and 
let / be a homogeneous ideal of R having no non-zero forms of degree 1. The minimal 
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free resolution (MFR) of a standard graded algebra A = R/I having depth (i.e. all 
the homogeneous polynomials of R are zero-divisors modulo /) is an exact sequence of 
i?-modules of the form: 

— ^ Fr — ^ Fr^i — ^ ... — > Fi — > R — > R/I — > 0, 

where, for i = 1, r, 

F. = ^R^^H-J), 

and all the homomorphisms have degree 0. 

The Aj's are called the graded Betti numbers of A. 

Then f3ij is the number of generators of I in degree j. It is well-known that Fr = 
ffij=i-R'^^ (— j — ''^) 7^ 0, where s{A) = s = (sq, ...,Se) is, as usual, the socle-vector of A (if 
A is not artinian the socle is still defined as the annihilator of the maximal homogeneous 
ideal m = {xi, Hence, the socle- vector may also be computed by considering the 

graded Betti numbers of the last module of the MFR. In particular, an artinian algebra 
A is level of socle degree e and type Se if and only if Fr = /?*"(— e — r). 

For any algebra A, let H{z) = J^iZo hiz'^ be the Hilbert series of A, where hi = dimk Ai. 
{A is artinian if and only if hi is eventually 0.) The growth condition of Macaulay's 
theorem, namely hd+i < h'2'^^ for d > 1, holds for the coefficients of the Hilbert series of 
any standard graded algebra (in Theorem 1.2 we have only stated that result for artinian 
algebras) . 

It can be shown that H may be written as H{z) = jf^^, where h is a polynomial 
having integral coefficients such that h{l) ^ 0, and d is the dimension of A. In particular, 
A is artinian if and only if d = 0. 

The MFR and the Hilbert series of A are related by the following well-known formula 
(see, e.g., [FL], p. 131, point (j) for a proof): 

ij(z)(i-z)^ = i+E(-im,,^^'- (5) 

It follows from ^ and the observations above that, if r = 3, determining the MFR 
of an artinian algebra A = R/I with a given /i- vector and socle- vector is equivalent to 
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determining the degrees of the generators of /, i.e. only the first module of the MFR of A. 

Now fix the codimension r = 3 and the socle-vector (0, 0, 0, Se = 1), and let T 
be a possible Gorenstein /i-vector for this pair (3, (0,0, ...,0, 1)) (see Proposition 2.7 for 
Stanley's characterization). Let 

F : — > Fs — > F2 — ^ Fi — > R — > R/I — > 

be the MFR of a Gorenstein artinian algebra having data (3, (0, 0, 0, 1)) as above and 
/i-vector T. Then we can write F3 = R{—e — 3), F2 = R{—pi) © ... © R{—pn) and 
Fi = R{-qi) © ... © R{-qn), with qi < q2 < ■■■ < qn and pi > P2 > ••• > Pn- 

For i = 1, n, put Vi = pi ~ q^. Furthermore, let k be the least degree in which T is 
not generic (i.e. hk < (^^'^)), and let A'^T = (l,(ii, ...,(ie+3) be the third difference of T. 

Finally, put /i = 2\ "^^^ — ] — 1. It is easy to see from ^ that, for each i < e + 3 such 

that di < 0, any Gorenstein algebra having /i-vector T must have at least — (ij generators 
in degree i. 

We are now ready to state the theorem of Diesel that characterizes the possible MFR's 
associated to the Gorenstein /i- vectors of codimension 3. 

Theorem 4.1 ([-D«]). With the notation above, F is the minimal free resolution of 
some Gorenstein artinian algebra having data (3, (0, 0, 0, 1)) and h-vector T if and 
only if all of the following hold: the graded Betti numbers of F satisfy the functional 
equation T{z){l — 2)^ = 1 + '^i,j{.—'^y[3i,jZ'', Pi + = e + 3 for i = 1, ...,n, n is odd, 
^ < n < 2k + 1, ri > 0, and + r„_i+2 > for i = 2, 

Proof. See [Di]. See also [GPS]. □ 

We will also need Gotzmann's Persistence Theorem (Theorem 4.2 below). Recall that 
a vector space V O R^ oi forms of degree d is called Gotzmann if RiV has the minimal 
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possible dimension as a A;- vector space given the dimension of l^, i.e. if 

Theorem 4.2 ([Go]). Let V be as above. IfV is Gotzmann, then RiV is also Gotz- 
mann. 

Proof. See [Go] , Satz 1 (where this result is shown in a more general context) . □ 

The following lemma (which is a result of M. Roth, personal communication) deter- 
mines the level algebras of type 2, codimension 3 and socle degree e having no Gorenstein 
quotient of codimension 3 and socle degree e. We omit its proof. 

Lemma 4.3 (Roth). Let M — {F,G) C. S — k[yi,y2,y3\ be the Inverse System 
module associated to a level algebra A having h-vector h — (1, 3, 3, 2) and socle degree 
e. If no Gorenstein quotient of A of socle degree e has codimension 3, then, after a change 
of variables, we have F = yiyl~^ and G = y2yt~^- In particular, h = (1, 3, 3, 3, 3, 2). 

Now we are ready for the main result of this section, that is the characterization of 
the MFR's associated to the level /i-vectors of the form h — (1, 3, 3, 2) (we determined 
these /i- vectors in Theorem 2.9). As we mentioned above, it is enough to determine the 
first module, Fi, of these MFR's F. 

Theorem 4.4. Let h — (1, 3, 3, 2) be a level h-vector of socle- degree e, and let 
j — hye/2\- U j > ^) then there is exactly one minimal free resolution F associated to h. 
It has 

F, = R\-2) R{-{j - 1)) i?(-(e - J + 3)) i?(-(e + 1)). 
If j — 3 (i.e. if h — (1, 3, 3, 3, 3, 2)j, then there are exactly two minimal free 
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resolutions F associated to h. They have 

Fi = i?^(-2)0i?(-e)ei?^(-(e + l)), 

with 7 = or 7 = 1. 

Proof. Let A — R/ 1 he a level artinian algebra of socle degree e having /i- vector 
h = (1, 3, 3, 2), where R = k[xi,X2, X3], and let M = {F, G) C S = k[yi, 1/2, 1/3] be the 
Inverse System module associated to A. 

Suppose first that no Gorenstein quotient of A with socle degree e has codimension 3. 
Then, by Lemma 4.3, after a change of variables, M can be written as M = {F,G), where 
F = yiyr' and G = ^2^3"', and thus h = (1, 3, 3, 3, 3, 2). 

Notice that the annihilator of an Inverse System module generated by monomials is a 
monomial ideal, whose monomials in each degree arc those of R except for the monomi- 
als that (written in the j/j's) belong to the module. From this observation, it is easy to 
see that the annihilator of M above is / = {x^ ). This imphes that the first 

module of the MFR of R/I is that of the statement of the theorem for j — ?> and 7 = 0. 

Thus, from now on, we may suppose that A has a Gorenstein quotient of socle degree 
e and codimension 3; in other words, without loss of generality, we may suppose that the 
form F has 3 linearly independent first derivatives. Hence, if J C is the Gorenstein 
ideal that annihilates (F), we have that /j = Jj for every i < e — 1, and J has exactly one 
generator more than I in degree e. In particular, J must have at least one generator in 
degree e. 

By Theorem 2.9, the level /i-vcctors of the form h = (1, 3, 3, 2) are all and only those 
included in one of the following five cases: 

Case 1). h — (1, 3, 4, 4, 3, 2), where ^ > 5 is the maximal entry and occurs 
once (as 

Case 2). h = (1, 3, 4, 4, 3, 2), where ^ > 5 is the maximal entry and 
occurs twice (the first time as he-i). 

Case 3). /t = (1, 3, 4, t + 2, t + 2, t + 2, 4, 3, 2), where t + 2 > 5 is the maximal 
entry and occurs at least three times (the first as ht). 

25 



Case 4)- h = (1, 3, 4, 3, 2), where the maximal entry is 4. 
Case 5). h = (1, 3, 3, 2), where the maximal entry is 3. 

Let us consider Case 1). The Gorenstein /i-vector given by (F) is clearly fi = 
(1,3, 4,. ..,^,...,4, 3,1). We have 

A^/i' = (1, 0, -2, 1, 0, 0, -2, 2, 0, 0, -1, 2, 0,-1), 

where the second "-2" occurs in degree 

Using Diesel's Theorem 4.1 and A'^/i', we deduce that the number of generators of J 
must be 5. By looking at the negative entries of A^/i', we see that these generators occur 
in degrees 2, 2, e. Therefore the first module of the MFR of R/ J is 

i?^(-2)ei?^(-^)ei?(-e). 

Since I and J coincide in degrees less than e, we easily have that the first module of 
the MFR of R/I must have the form 

F, = R\-2) i?^(-^) i?"(-(e + 1)), 

for some non- negative integer a. 
Claim. 1 < a < 2. 

Proof of claim. We first show that a > 1. From (jSI), it is easy to see that, in the MFR 
of R/I, I32,e+i — /5i,e+i = — 3-2 + 3- 3 — 1-4 = —1, whence /3i,e+i = a > 1. 

Let us now prove that a <2. Consider the Hilbert series H" of the algebra X' obtained 
from A by getting rid of its a generators of degree e + 1. We have h!'^ = 2 and fi'^j^^ = a, 
whence a < 2, in order to satisfy the growth condition of Macaulay's theorem. This 
proves the claim. 

We will see later that a = 2 can never occur. This clearly completes the proof of this 
case, since here j = 

Case 2. The Gorenstein /i-vector given by (F) is fi = (1, 3, 4, 4, 3, 1). 
We have 

A^h' = (1, 0, -2, 1, 0, 0, -1, 0, 1, 0, 0, -1, 2, 0, -1), 

where the first "-1" appears in degree and the second in degree e. By Diesel's theorem, 
J has 5 generators, and only one of them is not indicated by the entries of A^h' . But, 
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by the formula + = e + 3 of Diesel's theorem, we can easily see that the only degree 
possible for this last generator is since increasing by 1 any other graded Betti number 
Pi,j, j 7^ ^) would also require us to increase the Betti number /3i e+3_j by 1. 
Hence the first module of the MFR of i?/ J is 

i?^(-2) 0i?(-^) 0i?(-^) 0i?(-e). 

Therefore the first module of the MFR of R/I must have the form 

F, = i?2(-2) 0i?(-^) 0it:(-^) 0i?«(-(e + 1)), 

for some integer a. The same argument as above shows that 1 < a < 2, and we will see 
later that a y^2. This completes the proof of this case, since j — 

Case 3. The Gorenstein /i-vector given by (F) is h! = (1, 3, 4, t + 2, t + 2, t + 
2,. ..,4, 3,1). We have 

AV = (1, 0, -2, 0, 1, 0, 0, -1, 1, 0, 0, -1, 1, 0, ...0, -1, 2, 0, -1), 

where the first appears in degree t+1 and the second in degree e — t + 1. Thus, the 
number of generators of J is again 5, and the only possible MFR for R/ J has the first 
module equal to 

^'(-2) R{-{t + 1)) i?(-(e - i + 1)) R{-e). 

Therefore the first module of the MFR ol R/I has the form 

F, = R\-2) R{-{t + 1)) ^R{-{e-t + 1)) it:"(-(e + 1)), 

for some integer a. As above, 1 < a < 2, and we will show later that a ^ 2. This 
completes the proof of this case, since here j — t-\-2. 

Case 4- Let us consider first the case e > 6. Then the Gorenstein /i- vector given by 
(F) is h' = (1, 3, 4, 4, 4, 3, 1). We have 

AV = (1, 0, -2, 0, 1, 0, 0, -1, 0, 2, 0, -1). 

From this formula for A^h\ we deduce that J might have either 3 or 5 generators (of 
which at least 2 in degree 2 and 1 in degree e — 1), but, as we observed above, J must 
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also have a generator in degree e. Hence the number of generators of J can only be 5. 
We need to find the last generator. Suppose it is in degree e + 3 — i. Then the Gorenstein 
MFR has its first module equal to 

^'(-2) i?(-(e + 3 - z)) R{-{e - 1)) R{-e) 

and the second module equal to 

^(-3) R{-^) R{-i) R\-{e + 1)), 

where i > 4. In fact, if i = 3, the inequahty r3 + r4 > of Diesel's theorem is: 4 — (e — 
1) + 3 — e > 0, i.e. e < 4, which is impossible. Hence i > 4. 

Therefore rs + r4 > is: i — (e + 3 — i) + 4 — (e — 1) > 0, i.e. i > e — 1. Since i < e + 1 
(J has exactly 2 generators in degree 2), we have i = e. Thus the last generator of J is 
in degree 3. 

Hence the MFR ol R/ J has the first module equal to 

i?2(-2) 0i?(-3) 0i?(-(e - 1)) 0i?(-e). 

Therefore the first module of the MFR oi R/I has the form 

F, = i?2(-2) 0it:(-3) 0i?(-(e - 1)) 0i?"(-(e + 1)), 

for some integer a. As above, 1 < o; < 2, and we will show later that a ^2. 
Now let e — A. Thus K — (1, 3, 4, 3, 1), and we have 

AV = (1,0,-2,-1,1,2,0,-1). 

The argument we gave above for e > 6 also holds for e = 4, and therefore we are done. 
Finally, let e = 5. Hence h! = (1, 3, 4, 4, 3, 1), and we have 

A-'^/i' = (1,0,-2,0,0,0,2,0,-1). 

The same reasoning as above, since J must have at least one generator in degree 5, 
shows that J has exactly 5 generators. The formula for A^/i' only indicates that J has 2 
generators in degree 2. Hence we have to find the last two generators. Suppose they are 
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in degrees / and m, with 3 < / < m < 5. Writing down the MFR for R/ J, we immediately 
see that the inequahty + r4 > of Diesel's theorem is: (8 — / — /) + (8 — m — m) > 0. 
Hence, we can only have / = 3 and m = 4, or / = m = 3. 

However, if / = m = 3, it is easy to see that equation (0) is not satisfied, and therefore 
the only possible choice for the degrees of the last two generators of J is / = 3 and m = 4. 
This leads us to the same formulas for the MFR's of R/ J and R/I that we gave above 
for e > 6. Thus (up to showing, as usual, that a 7^ 2), we have concluded the argument 
for e = 5. 

This clearly completes the proof of Case 4, since j = 4. 

Case 5. Consider first the case e > 4. The Gorenstein /i-vector given by {F) is 
fx = (1, 3, 3, 3, 1). Therefore we have 

A3/i' = (1,0, -3,2,0,. ..,0,-2,3, 0,-1). 

Hence, by Diesel's theorem, J has 5 generators and the first module of the MFR of 
R/J is 

R\-2)^R\-e). 
Therefore the MFR of R/I has the first module equal to 

F, = i?3(-2)0i?(-e)0/?^(-(e + l)), 

for some non-negative integer 7. The same argument we used above for a also shows that 
7 < 2 (but cannot show that 7 7^ 0). We will see next that 7 = and 7 = 1 may both occur 
in the first module of the MFR of a level algebra having /i-vector h = (1, 3, 3, 3, 3, 2). 
Instead, we will show that 7 7^ 2. 

Now let e = 3, i.e. h' = (1, 3, 3, 1). Thus 

A^h' = (1,0,-3,0,3,0,-1). 

Reasoning as in the proof of Case 4, since J must have at least one generator in degree 
e = 3, we have that J has exactly 5 generators. Of course three of these generators must 
be in degree 2 and two in degree 3. The rest of the argument does not differ from that 
for e > 4 and will be omitted. 
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This clearly concludes the proof of Case 5 and that of the theorem, up to showing the 
next two lemmata: 

Lemma 4.5. 7 = and 7 = 1 may both occur. 

Lemma 4.6. 7 7^ 2 and a ^2. 

Proof of Lemma 4.5. The fact that 7 = may occur has been shown at the 
beginning of the proof of Theorem 4.4, when we considered the case of a level algebra A 
having no Gorenstein quotients of socle degree e and codimension 3. 

Let us now show that 7=1 may also occur. Consider the Inverse System module 
M = {yi~^y2, yt) ^ S. Then the algebra i?//, where / is the annihilator of M, has /;,- vector 
(1,3,3, ...,3,3,2). Moreover, by the considerations we made earlier about the annihilator of 
a module generated by monomials, we can easily deduce that / = {xix^., X2X^., x|, x^, x'^^). 
Therefore the first module of the MFR of R/I has the Betti number 7=1. This com- 
pletes the proof of the lemma. □ 

Proof of Lemma 4.6. We want to show, with the notation above, that a — 2 
may never occur (the proof of 7 7^ 2 requires no modifications). Suppose that a — 2 
occurs for some level algebra A. Consider the algebra A' obtained from A by getting rid 
of the 2 generators of A of degree e + 1. Then the coefficients of the Hilbert series of A' 
are 1, 3, 3, 2, 2, where "2" is repeated from degree e on. In fact, A and X' coincide 
up to degree e, and afterwards A' has no more generators. Thus, since 2<*^ — 2 for every 
^ > e, by Gotzmann's Persistence Theorem 4.2 all the entries from degree e on must be 
equal to 2. 

Standard considerations show that the algebra A' has dimension 1 and depth 0. Hence, 
as we observed at the beginning of this section, the last module of the MFR of A' repre- 
sents its socle. 

Claim. In the MFR of A' , (3^,^+2 > 0. 
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Proof of claim. An easy computation shows that, in the Lh.s. of formula (0) for A" , 
the coefficient of z^"*"^ is -1. Hence, since A" has no generators of degree e + 2, we have 
P2,e+2 — /?3,e+2 = —1, and therefore P3^e+2 > 0. This proves the claim. 

Hence A" has a non-zero socle in degree e + 2 — 3 = e — 1. But A and A" coincide in 
degrees less than or equal to e, and therefore A has also a non-zero socle in degree e — 1, 
a contradiction since A is level. This concludes the proof of the lemma and that of the 
theorem. □ 
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